Zr-oxide film was deposited by remote plasma-enhanced atomic layer deposition ͑PEALD͒ and showed relatively low impurity contamination. In the Zr-oxide film deposition process, the plasma diagnostics were performed to investigate the effects and characteristics of O 2 remote plasma. The carbon contents in Zr-oxide film were decreased with increasing rf power. The electron density and optical emission of species were measured using cutoff and optical emission spectroscopy during the deposition. The electron density in O 2 remote plasma was about 7.8 ϫ 10 9 to 2.1 ϫ 10 10 cm Ϫ3 . The dominant emission species of O 2 remote plasma was the excited atomic and molecular oxygen. The field of advanced gate dielectric in semiconductor devices has currently gained considerable attention. Based on the international technology roadmap for semiconductors, the development of 60 nm metal oxide semiconductor field-effect transistors ͑MOS-FETs͒ is predicted by the year 2007.
The field of advanced gate dielectric in semiconductor devices has currently gained considerable attention. Based on the international technology roadmap for semiconductors, the development of 60 nm metal oxide semiconductor field-effect transistors ͑MOS-FETs͒ is predicted by the year 2007. 1 Therefore, the conventional thermal oxide, SiO 2 , will face its physical and electrical limits because of the high tunneling leakage current and low breakdown voltage problems when the thickness of SiO 2 is reduced below 1 nm. 2 The high dielectric constant materials such as ZrO 2 , HfO 2 , and Ta 2 O 5 , etc have been evaluated as a replacement for a SiO 2 as a gate dielectric to reduce the tunneling leakage current and to improve the reliability. [3] [4] [5] Among the high dielectric constant materials, ZrO 2 is considered as a potential candidate for the replacement of SiO 2 gate dielectric due to its high dielectric constant ( ϭ 20-25), large band gap ͑5.8 eV͒ and thermodynamical stability. 6, 7 The ZrO 2 gate dielectric has been studied predominantly by using physical vapor deposition ͑PVD͒, chemical vapor deposition ͑CVD͒, and atomic layer deposition ͑ALD͒ methods. Among these methods, ALD has the such advantages over other conventional deposition methods as excellent uniform thickness, low processing temperature, and precise film thickness control. 8 Remote plasma-enhanced atomic layer deposition ͑PEALD͒ has many advantages, such as the wide process window, high film density, low impurity contents, and broad choice of precursor chemistry and/or reactants compared to the conventional ALD and metallorganic atomic layer deposition ͑MOALD͒ methods. 9 However, remote PEALD has the disadvantage of difficulty in understanding the reaction mechanism in the plasma process. The electron density and reaction species of plasma are very important to understanding the reaction of the plasma process. The electron density is a key parameter for the understanding of plasma sources and plasma process. 10 The electron density was measured using the cutoff method. The cutoff method is a measurement method of electron density using a concept of wave cutoff at a plasma frequency and can be applied to any type of plasma. The optical emission spectroscopy ͑OES͒, which is a diagnostic technique for the real-time monitoring of plasma process, has been used to investigate the reaction species for plasma process. 11 This method provides real-time analysis of O 2 remote plasma without disturbing plasma or interfering with the current process. In this study, we investigated the electron density and reaction species to understand reaction mechanism and characteristics of plasma process for Zr-oxide gate dielectric deposition.
Experimental
Zr-oxide films were deposited on p-type Si͑100͒ substrates by remote PEALD using Zr(N(C 2 H 5 ) 2 ) 4 as a Zr-precursor and oxygen remote plasma as a reactant gas source. Si substrates were cleaned by dipping in a piranha solution (H 2 SO 4 :H 2 O 2 ϭ 4:1) for 10 min and then in a diluted HF solution (HF:H 2 O ϭ 1:50) for 1 min to remove organic and native oxide, respectively. The downstream type remote PEALD reactor with 13.56 MHz rf power source has been used in this study. Figure 1 shows the schematic drawing of downstream type remote PEALD system. Zr(N(C 2 H 5 ) 2 ) 4 was delivered from an external reservoir at 90°C and pulsed into the reactor using Ar carrier gas with the flow rate of 20 sccm. O 2 gas flow rate was fixed at 70 sccm and Ar purge gas flow rate at 100 sccm. The chemical reaction of Zr(N(C 2 H 5 ) 2 ) 4 pulse and O 2 remote plasma pulse made a basic one cycle in this experiment. Ar-purge gas was introduced for the complete separation of the precursor and plasma z E-mail: hjeon@hanyang.ac.kr Figure 1 . Schematic of the downstream type remote PEALD system. reactant gases. All of the gas flows were automatically controlled by the aid of a solenoid valve. The sequential times of Zr(N(C 2 H 5 ) 2 ) 4 , Ar-purge, O 2 remote plasma, Ar-purge were fixed to be 5 s each except the plasma process time of 10 s. Zr-oxide films were deposited at 250°C, and the process pressure was kept constant to be 0.1 Torr. The plasma power was varied to 50, 100, and 150 W, respectively.
Auger electron spectroscopy ͑AES͒ was utilized to analyze the chemical composition variations and impurity contents. The cutoff method was used to measure absolute electron density of O 2 remote plasma. 10 The experimental apparatus for measuring absolute electron density by cutoff method consists of the two antennas. Two antennas, the radiating and detecting antennas were set in the vacuum chamber. Each microwave antenna consists of a coaxial cable through a 50 ⍀ coaxial cable protected by a dielectric tube using alumina and was connected to a network analyzer. A 3 mm lead of center conductor ͑0.5 mm diam͒ acts as a monopole antenna to radiate waves where a frequency-swept signal of ϳ1 mW is fed from the network analyzer. A microwave source was generated by the network analyzer and the transmitted wave is collected at the center of plasma discharge region using a detecting antenna and analyzed by the network analyzer. OES was used to measure excited species in the O 2 remote plasma. The plasma emission was sampled through a glass window and transmitted via optical fiber. Figure 2a shows the typical AES depth profiles of Zr-oxide films deposited on Si substrates using Zr(N(C 2 H 5 ) 2 ) 4 with O 2 remote plasma. The AES results showed the stoichiometric composition of Zr-oxide films. Carbon impurity of Zr-oxide films deposited at 250°C, 0.1 Torr, and 50W was about 6.5 atom % as shown in Fig.  2s . This carbon contents in Zr-oxide films were appeared by the average value of carbon contents of sputter time between 1 and 3 min in AES depth profile of Fig. 2a . The depth of Zr-oxide film from sputter time 1 min is 10 Å due to the sputter rate of 10 Å per 1 minute. This 10 Å thickness of surface in Zr-oxide film shows the contamination thickness after air exposure and silicon shows at the sputter time 3 min. Therefore, the carbon contents in Zr-oxide film to know correct carbon contents were shown by the average value of carbon contents of sputter time between 1 and 3 min. The carbon contents in Zr-oxide film are lower than that of the films deposited by other conventional deposition methods using metalorganic precursor at low deposition temperatures. 12 This low carbon content in Zr-oxide film is probably due to the complete separation of each source supply by Ar purge and the increased reactivity of activated atomic and molecular oxygen which efficiently decomposes the diethyl-amino group in the plasma process during deposition. The carbon concentration in Zr-oxide films deposited as a function of plasma power for deposition was shown in Fig. 2b . The carbon concentration at the plasma power of 50, 100, 150 W showed about 6.5, 4.5, and 4.0 atom %, respectively. This indicated that the reaction of Zr precursor and O 2 plasma increased as increasing plasma power due to the increase of the activated species in O 2 plasma.
Results and Discussion
The electron density and optical emission species of O 2 remote plasma for growth of Zr-oxide film were measured to understand the above results. The electron density was generally measured using the Langmuir probe method. However, the Langmuir probe method has a limitation at high pressure due to the deposition of nonconducting films on the probe tip in plasma deposition. Therefore, we measured the electron density using the cutoff method to apply at the high pressure of plasma instead of the Langmuir probe method. 10 In the cutoff method, if the frequency of electromagnetic wave corresponds to the plasma frequency, then the cutoff occurs. The cutoff condition given by the relation between the plasma frequency and plasma density represented as; p ϭ (n e e 2 / o m e ) 1/2 rad/s, where the p is the plasma frequency, n e is the plasma density, and m e is the mass of electron. 13 The increased rf power increased a little cutoff frequency and electron density of O 2 remote plasma as shown in Fig. 3 . The cutoff frequency increased from 7.6 ϫ 10 8 (GHz) to 1.2 ϫ 10 9 (GHz) and the electron density increased from 1.00 ϫ 10 10 (no./cm 3 ) to 2.45 ϫ 10 10 (no./cm 3 ) with increase in rf power. This is considered to be a high ionization effect at the increased rf power and has been investigated by several researchs. 10, 14, 15 The emission spectra of O 2 remote plasma for the growth of Zr-oxide film were investigated using OES as shown in Fig 4. The emission spectrum of O 2 remote plasma showed the dominant emission of O ͑777.2 nm͒ and O 2 ͑309.2 nm͒ among the several emissions of O 2 remote plasma. 16, 17 The emission intensities of atomic oxygen ͑O͒ and molecular oxygen (O 2 ) increased with increasing rf power, as well as due to high dissociation and ionization effect at the increased rf power. 10, 14, 15 Specifically, the activated atomic and molecular oxygen were reported to the dominant reaction species in the deposition using O 2 plasma. 18 This means that the activated atomic oxygen and activated molecular oxygen was dominantly formed in O 2 remote plasma. Therefore, because a diethyl-amino ((N(C 2 H 5 ) 2 ) 4 ) ligand in Zr(N(C 2 H 5 ) 2 ) 4 is substituted and released as amino-compounds and hydrocarbons after combining with the activated atomic and molecular oxygen in the Zr-oxide growth process, Zr-oxide growth is processed with Zr(N(C 2 H 5 ) 2 ) 4 by the reaction with the activated atomic oxygen in O 2 remote plasma process. When the rf power was increased from 50 to 150 W, the electron density and the emission intensity of excited atomic and molecular oxygen increased about 2.5, and 8 times, respectively. This indicates that the activated atomic and molecular oxygen increased with increasing rf power. Therefore, the carbon content in Zr-oxide film at high rf power were decreased to be due to the higher reaction between Zr(N(C 2 H 5 ) 2 ) 4 and O 2 remote plasma with increasing activated atomic oxygen in Zr-oxide film deposition process compared the low rf power.
Conclusions
In summary, Zr-oxide film was deposited by remote PEALD using Zr(N(C 2 H 5 ) 2 ) 4 precursor and O 2 remote plasma. Zr-oxide film showed the low carbon impurity and stoichiometric composition. The carbon contents in Zr-oxide film decreased with increasing rf power. The increased rf power linearly increased the cutoff frequency and electron density of O 2 remote plasma. The emission spectrum of O 2 remote plasma dominantly showed the emission of O ͑777.2 nm͒ and O 2 ͑309.2 nm͒ among the several emission species of O 2 remote plasma. The emission intensities of excited atomic and molecular oxygen increased with increasing rf power. Finally, the activated atomic and molecular oxygen for growth of Zr-oxide deposited by remote PEALD using O 2 remote plasma reacted with Zr(N(C 2 H 5 ) 2 ) 4 . 
